Abstract The genetic composition of an H5 subtype hemagglutinin gene quasispecies, obtained from ostrich tissues that had been infected with H5 subtype influenza virus was analysed using a next generation sequencing approach. The first evidence for the reiterative copying of a poly (U) stretch in the connecting peptide region in the haemagglutinin cleavage site (HACS) by the viral RNA-dependent RNA polymerase (RdRp) is provided. Multiple non-consensus species of RNA were detected in the infected host, corresponding to likely intermediate sequences between the putative low pathogenic precursor nucleotide sequence of the H5 influenza strain and the highly pathogenic avian influenza virus gene sequence. In silico analysis of the identified RNA sequences predicted that the intermediary H5 sequence PQREKRGLF plays an important role in subsequent mutational events that relocate the HACS coding region from stable basepaired RNA regions to a single-stranded bulge, thereby priming the connecting peptide coding region for RdRp slippage.
Introduction
The influenza A virus haemagglutinin protein (HA) is an integral membrane protein that forms spiked projections on the viral particle. Its main role in the viral life cycle is to attach to host cell receptors and facilitate fusion of the viral envelope and endosomal membrane to initiate the infection cycle [1] . Following synthesis as a single polypeptide chain, designated HA0, the protein undergoes various posttranslational modifications (e.g. glycosylation; palmitoylation) the last of which is proteolytic cleavage of HA0 into two disulphide-linked subunits, HA1 and HA2.The cleavage exposes the free amino terminus of HA2, a structure critical to virus-cell fusion and therefore infectivity [2, 3] .
The hemagglutin cleavage site (HACS) sequence in HA0 is cleaved by host proteases. In low pathogenicity (LPAI) subtypes of influenza A virus (IAV), the HACS motif typically contains a single arginine residue, i.e. Q-R/ K-X-T-R (where X is a nonbasic amino acid). This motif is recognised by trypsin-like proteases that are mainly expressed in the respiratory and intestinal tracts, and therefore LPAI viruses produce localized infections with asymptomatic or mild effects. Highly pathogenic forms of the virus (HPAI) contain multibasic HACS sequences, i.e. Q-R/K-X-R/K-R [4] . Although sixteen subtypes of IAV are known to infect avian species (H1 to H16) [5] , the HACS of only the H5 and H7 subtypes are prone to acquiring multibasic motifs, derived from the exchange and insertion of basic amino acids. This produces a major shift in the pathogenic potential of the virus, as the altered HACS motif is recognised and cleaved by an alternative subset of proteases in the host. Multibasic motifs are recognised by subtilisin-related endoproteases expressed in the Golgi and/ or trans-Golgi network and members of this family include furin, PC6, mosaic serine protease large (MSPL) and transmembrane protease 13 (TMPRSS13) [6] . The broad tissue expression of these proteases enables systemic viral replication and consequently the highly infectious and lethal disease referred to as highly pathogenic avian influenza (HPAI) [3, 7] . Although the pathogenicity of IAV is ultimately a polygenic trait, the HACS motif remains a prime determinant [8] .
Once LPAI H5 and H7 strains are introduced from their natural aquatic bird reservoir into susceptible terrestrial avian hosts, the HPAI forms emerge spontaneously after a period of circulation within the flock [9] . Such events are described across the world in chickens, turkeys and ostrich flocks [10] [11] [12] [13] [14] [15] and evidence for the conversion to HPAI from LPAI by the incorporation of multi-basic motifs into the HACS in field strains is supported both by in vitro and in vivo clinical studies [7, 16] . In rare field cases nonhomologous recombination resulting in the insertion of a foreign nucleotide sequence into the HACs have been reported, with donor sequences derived from host 28S RNA [17] , the viral matrix protein [18] or the viral nucleoprotein gene [19] . Notwithstanding non-homologous recombination, the mechanism of how multiple insertions of basic amino acids occur and why insertions are restricted to the HACs of H5 and H7 strains remains obscure. Two main theories have been put forward: (a) purine triplets that are duplications of existing sequences are incorporated into the HACs during strand slippage of the polymerase complex during transcription [11, 20] and (b) basic amino acids are progressively accumulated by a stepwise process involving amino acid substitutions [21, 22] . From these studies there appears to be a general consensus that RNA secondary structure and polymerase slippage are at play in the generation of multi-basic HACSs, albeit in the absence of empirical evidence.
In 2011, an HPAI H5N2 outbreak affected farmed ostriches in South Africa's Western Cape Province. The index case was an ostrich chick that died from the infection on the 3 rd of March 2011, and organ samples from this bird had been subjected to Next Generation Sequencing [13] . In this paper the quasispecies population at the HACS was analysed and in silico analyses of the identified RNA sequences were performed in order to form a basis for the underlying mechanism supporting the emergence of H5 HPAI H5 from a putative LPAI progenitor.
Materials and methods

Library preparation and illumina sequencing
The original homogenate of the ostrich tissue pool comprising trachea, heart, lung, liver, spleen and kidney collected on the 3 rd of March 2011 was analysed. Total RNA was extracted using TriZOLÒ reagent (Invitrogen) and the transcriptome was amplified from 200ng of RNA as described previously [13] . Illumina sequencing was performed by the sequencing service provider, ARC-Biotechnology Platform, Pretoria. Briefly, the Illumina library was prepared from 55ng of cDNA using the Nextera sample preparation kit (Epicentre Biotechnologies). The libraries were purified using the QIAquick PCR purification kit (Qiagen) and quantified using a Qubit 2.0 fluorometer (Invitrogen). One lane was sequenced on an Illumina HiScanSQ system with V2 sequencing reagents and a mixture of Illumina and Nextera sequencing primers to produce paired-end reads with an average length of 97 nucleotides (nt).
Sequence analysis
The CLC Genomics Workbench v7.5.2 was used for downstream bioinformatics analyses. Reads with an average length of 100nt were generated and after quality trimming, these were assembled against the reference sequence, segment 4 (HA) of isolate A/ostrich/South Africa/2114/2011, accession number JX069081. The HACS in the reference sequence spanned nucleotides 1037 to 1063, therefore mapped reads spanning position 1000-1080 were extracted and imported into BioEdit [23] . Reads were manually inspected, reversecomplemented where necessary and aligned. Only reads that spanned the entire cleavage site i.e. beginning with the CCU proline codon and ending with the UUU phenylalanine codon were considered for this analysis. The reason for not using partial sequences at the HACS was so that haplotypes, i.e. mutations that are inherited together, could be assessed as this would affect RNA folding predictions. Viral complementary RNA (cRNA) sequences were converted into the complement viral genomic sequence (vRNA) for RNA folding in BioEdit. Sequence JX069081, which corresponds to the master sequence in the quasipecies distribution was modified in silico with the addition of standard complete 3' and 5' terminal sequences [24] . The hypothetical LPAI progenitor was constructed by substituting the HACS with base pairs encoding default LPAI sequence PQRETRGLF. RNA structure was predicted using the CLC Genomics Workbench v7.5.2 that uses a two-step algorithm [25] . A minimum free energy approach without base pairing constraints was applied.
Results
Quasispecies at the HACS
Next generation sequencing was applied to tissue extracts from the original infected ostrich in the 2011 outbreak index case. 1,319,369 reads were produced with an average length of 97nt, and 117,279 (8.89%) of these mapped to the complete HA gene sequence. A subset of 340 reads spanning the entire HACS sequence was retrieved. The complete list of HACS cDNA nucleotide sequences arranged by length, the translated amino acid motif and frequency of each variant is presented in Table 1 . Notably no HACS motif for the LPAI progenitor (PQRETRGLF) or any other HACS sequences of 27 nucleotides were detected. Similarly, during an assessment of the quasispecies present in viral populations of the Italian HPAI H7N1 outbreak in 1999/2000, no evidence of the LPAI H7 progenitor sequence was detected in the HPAI samples [14] . Collectively these findings suggest that the LPAI sequence is under strong negative selection pressure soon after HPAI emerges in the quasispecies population, but this warrants further investigation.
The mutant distribution in the ostrich tissue ranged from 28nt to 39nt, the latter encoding the longest HACS motif of PQRRKKKKKKGLF. The region between the glutamine at -5 and glycine at ?1 is referred to as the connecting peptide, thus the connecting peptide of the longest viable HACS is eight amino acids in length, whereas the connecting peptide of the master sequence, PQRRKKRGLF, is five amino acids in length. This master sequence of 30nt was present in the ostrich tissue at a frequency of 62%. Point mutations occurred at virtually every position in the region analysed ( Table 1) . As is typical of RNA viruses, the RNA-dependent RNA polymerase (RdRp) of IAV is error-prone and lacks proofreading function, leading to genome replication errors in the order of about 1 x 10 -4 base substitutions per position per virus per generation, or about one base substitution in the HA gene per virus generation [26] . It cannot be excluded that a proportion of these mutations are artefacts of the transcriptome amplification or Illumina sequencing that escaped quality trimming, but generally the variation observed in this small region alone illustrates the remarkable stochastic adaptive potential of IAV.
The quasispecies at the HACS provides the first evidence of reiterative copying during replication
The model proposed by Garcia et al [11] and Perdue et al [20] sought to explain how the AGA or AGG codons were introduced into the HACS during an H5 HPAI outbreak in Mexico in the 1990s. It was postulated that during replication three template adenines are copied into uracils, and these three uracils then base-pair with adenine in a downstream position. The inter-connecting sequence is thereby re-transcribed to generate the duplication of six bases that was observed in the HACS of Mexican viruses. The model restricts the insertion of nucleotides to multiples of three, but the current results reveal a spectrum of nucleotide insertions that are neither biased towards triplets nor are exact duplicates of an existing sequence in the HACS. Insertions ranged from a single nucleotide up to eleven, (with the exception that 9-and 10-nucleotide insertions weren't detected), pointing to an alternative mechanism that is more consistent with the progressive step-wise extension of the HACS during successive rounds of viral replication. It is not possible to determine whether in some cases more than one uracil residue was incorporated in a single event. Essentially, the insertion of uracils in the connecting peptide at the HACS more closely resembles the mechanism the IAV RdRp employs to polyadenylate its mRNAs: experimental studies established that as the RdRp nears the 5 0 end to which it is bound, it encounters steric hindrance from a conserved terminal hairpin loop structure adjacent to a uracil stretch on the viral RNA. The RdRp consequently stutters on the preceding stretch of uracils, which it repeatedly copies to produce a poly (A) tail [27] [28] [29] [30] . In the present study insertions of varying lengths were restricted to the uracil-rich connecting peptide region, thereby providing the first direct evidence of the reiterative copying of uracil residues in the HACS by the RdRp.
The heritability of HACSs containing non-sense or lethal mutations
Following IAV entry and uncoating the vRNAs are transported into nucleus of the host cell to be transcribed into mRNA. vRNAs also serve as a template for cRNA, from which progeny vRNAs are produced. vRNAs subsequently either leave the nucleus to be incorporated into the budding virions [31] . In the original model for the conversion of LPAI to HPAI, the sequential incorporation of single nucleotides into the HACS was rejected on the basis that non-triplet nucleotide insertions wouldn't be viable in the population [20] . However, advances in the study of defective interfering (DI) particles allay this concern. DI particles are commonly described as virions that contain an internal deletion in at least one of their eight genome segments, as a consequence of erroneous translocation of the RdRp during transcription [32] . However, other variants of DI particles are also recognised including segments containing non-sense or other lethal mutations [33] . Accumulating experimental evidence demonstrates that not only is an IAV population comprised of a large proportion of virions that express an incomplete set of functional viral proteins, but that these ''semi-infectious'' virions are in the overwhelming majority, comprising up to 90% of the population depending on the strain. These defective viruses are capable of at least single-round infection [33] with the implication that an HA RNA segment with an HACS containing a nonsense mutation could still be packaged into a virion, infect a new host cell, and be replicated by virtue 27 CCTCAAAGA of complementation. It follows that frameshift mutations in the HACS may be restored by additional slippage in the first round of vRNA to cRNA transcription, or indeed subsequent vRNA to cRNA transcription or cycles thereof. Whether the RdRp slippage in the HACS occurs at the vRNA to cDNA stage or vice versa is unknown, similarly, it is not clear from the polyadenylation of mRNA whether the stuttering occurs during cRNA synthesis or vRNA synthesis [28] , but it was demonstrated that the RdRp is capable of reiterative copying of poly (U) as well as poly (A) tracts [28] .
[7] CCTCAAAGAAG---AAAAAAAAAAAAAAGAGGTCTATTT
Length and composition of the connecting peptides in the quasispecies
All field-derived LPAI H5 viruses have four amino acids in the connecting peptide (e.g. RETR) [20] , but HPAI H5 and H7 field isolates with connecting peptides that vary from five up to eleven amino acids have been isolated, with seven or eight amino acids being the standard [34] . Does a longer connecting peptide confer a fitness advantage, and if the ostrich strain of this study had replicated further in ostriches would a six-seven-or eight amino acid connecting peptide insert eventually succeed as the master sequence? This remains unclear, but Horimoto and Kawaoka [21] mutated a H5N9 HPAI HACS to contain additional basic amino acids and found that the longer mutant with eight amino acids in the connecting peptide had reduced cleavability compared to the parental sequence that contained only six basic amino acids. They concluded that different strains may have different thresholds for the length of insertions tolerated, and that when the population reaches equilibrium the beneficial effects become diluted. Regardless of length, the composition of the HACS motif is important and even slight sequence differences are capable of shifting the virus' dependence to an alternative protease, for example MSPL/ TMPRSS13 was experimentally demonstrated to preferentially cleave the connecting peptide sequence KKKR over furin, which has a preference for RKKR [6] . Effectively, the proteolytic cleavage specificity of HACS adds a further layer of selection pressure at the species, organ or cell type level depending on the protease expression profile. The variety of HACS motifs in the ostrich tissue represent those in pooled organs but it would have been interesting to determine whether different subsets were expressed in different tissues. Nonetheless it may be concluded that the master sequence here, PQRRKKRGLF, represents the substrate that is cleaved by a broad subset of proteases present in the tissues examined.
LPAI to HPAI: correlation of quasispecies data with observations of in vivo clinical studies
In a seminal study, Ito and co-workers [7] passaged an LPAI H5 virus (PQRETRGLF) twenty four times in chick air sacs to adapt the virus for replication, followed by a further five passages through chick brains, ultimately producing viruses with an HACS motif of PQRRKKRGLF. For the first 18 passages the HACS retained the default LPAI motif, but by the end of the 24 th passage in air sacs the HACS sequence had mutated to PQREKRGLF. This virus retained the avirulent phenotype indicated by a lack of clinical signs, restriction to growth in the trachea, and the requirement for exogenous trypsin in order to form plaques in cell culture. The REKR mutation in the connecting peptide was the result of a C to A mutation in the cDNA sequence AGA R GAA E AAA K AGA R (amino acids in superscript; [7] ). This same C to A mutation is found in the viral quasispecies of the present study (Table 1) and evidently the mutation is highly conserved across the quasispecies. Interestingly, in July 2014 an unrelated H5N2 strain that had been circulating in ostrich flocks for several weeks was identified by PCR and conventional Sanger sequencing to contain a PQREKRGLF motif (M. Romito, personal communication). Fortunately in that case the control measures could be applied before an HPAI strain emerged. The mutation to PQREKRGLF in the HACS of H5 viruses may thus be the first step in the conversion of LPAI to HPAI. It is not, however a sequence that is frequently detected in the field as only nine H5 isolates, all derived from poultry, contained this sequence out of 3140 in the public sequence database [34] , and it may therefore represent a transient state which the results of Ito et al [7] appear to support. Another correlation between the ostrich H5 virus quasispecies and Ito's passage experiment relates to the insertion of an additional amino acid in the connecting peptide, viz. PQRKKRGLF to PQRRKKRGLF [7] . With reference to the quasispecies distribution in Table 1 , insertion of the additional arginine-encoding AGA codon in the hypothetical LPAI cDNA sequence
F cannot be achieved by the duplication of the preceding underlined arginine codon, because evidence for a third guanine residue in the proximity is lacking. Instead, the arginine pair appears to be formed by the insertion of an additional adenine residue as underlined: P CAA Q AGA R AGA R . This insertion is found across the quasispecies, as well as in the HPAI sequences described by Ito et al [7] . Point insertions are uncommon in IAV genomes [20] , but they are readily visible in NGS sequence data when sequence reads are mapped against a reference (Supplemental Fig.) . The selection of this adenine in the HACS may represent the first example of a point insertion in the IAV genome that is under positive selection pressure. This point insertion introduces a frameshift in the HA0 protein, but as discussed previously, this is not immediately detrimental or a limiting factor in the context of the entire population.
Comparative RNA structures and the conversion from LPAI to HPAI In view of the importance of RNA secondary structure in the synthesis of mRNA poly (A) tails [28] [29] [30] , and evidence from the quasispecies that a similar process occurs in the HACS, the RNA structures of LPAI and HPAI H5 were compared. In the LPAI H5 structure (Fig 1a) the HACS spans base-paired RNA structures, but in the HPAI form (Fig 1b) , the structure is altered so that the bulk of the connecting peptide-encoding region is shifted to a singlestranded bulge adjacent to a much smaller hairpin loop. The single-stranded bulge is the incorporation site for additional uracils, but it remains unclear which proximal secondary structure provides the steric hindrance to cause the RdRp to stutter. In the previous section it was postulated that the PQREKRGLF HACS motif may represent a transient form in the mutation of LPAI to HPAI. This structure is presented (Fig 1c) , and similar to the classical LPAI sequence, the HACS is located in a base-paired RNA region, a hairpin loop in this case. Our current understanding of RNA secondary structure has not yet advanced to know whether or how base-paired structures affect RdRp fidelity during replication.
Evidence from the quasispecies, supported by published clinical studies pointed to the insertion of an additional adenine residue (uracil in the vRNA) as an early event in the formation of an arginine pair in the HACS of this particular virus. When the RNA sequence for PQREKRGLF HACS was modified with this uracil insertion and refolded (Fig 1d) , surprisingly, a structure almost identical to the HPAI sequence was obtained, with the HACS located on a single-stranded bulge. Insertion of this additional uracil into the RNA encoding the classical PQRETRGLF HACS did not have the same effect as the HACS remained located in a base-paired RNA structure (Fig 1e) . This seems to support the theory that the PQREKRGLF motif is an intermediary in the conversion of LPAI to HPAI. The formation of the HPAI-like secondary structure implies that the HACS is primed for RdRp slippage. Figure 2 is presented to summarise these steps and collates the findings of the previous section in defining the process of conversion from LPAI to HPAI.
Step one (2a) involves the random mutation of RETR in the connecting peptide to REKR, and this altered motif provides a biological advantage as it soon pervades the quasispecies. The viruses containing this sequence remain phenotypically avirulent [7] , and despite a change in RNA conformation, the HACS remains located within a basepaired RNA structure. The second step (2b) involves the selection of a single misincorporated uridine residue (adenine in the cDNA), and its insertion has two consequences. Firstly, in (2c), the conformation of the RNA switches to an HPAI-like structure that is primed for RdRp slippage, and secondly, the insertion results in a frameshift in HA0. This frameshift mutation is visible in the quasispecies and is represented by the peptide sequence PQRRKKRSI, present in the quasispecies at an above-average frequency of 0.88% (Supplemental Fig.) . In a subsequent round of replication, the insertion of an additional uracil by RdRp slippage in the bulge (2d) produces another frame-shifted HA0 sequence encoding the HACS motif PQRRKKEVY. This sequence was present in the quasispecies at a frequency of 6.49% in the ostrich tissue. A second uracil misincorporation in the connecting peptide in the next round of replication restores the HA0 reading frame (2e), with an HACS that is consistent with the master sequence.
Computer-predicted RNA structures can differ dramatically among various IAV strains [35] and a wide variety of H5 HPAI HACS motifs have been recorded [34] . The Fig. 2 The proposed mechanism for the conversion of LPAI to HPAI for strain A/ostrich/South Africa/2114/2011. In the LPAI progenitor (2a), a cytosine to uracil mutation under strong positive selection converts the HACS motif to PQREKRGLF (2b). The insertion of a uracil in (2c) switches the RNA conformation in the HACs to an HPAI-like structure. Subsequent RdRp slippage and uracil incorporation in the connecting peptide (2d, 2e) restores the HPAI motif Evolution of the H5 HPAI cleavage site 2227 mechanism described above may not be the exact mechanism that all H5 (or H7) strains follow in their conversion, but it identifies principles that may be common to all. This, however remains be investigated on a case-by-case basis. Therefore, the mechanism described here is not proposed as a general model, but rather a plausible explanation for how HPAI emerged in this specific case. In the course of conducting systematic nucleotide substitutions followed by RNA-refolding (data not shown), some other mutations, for example U 1045 ?A, were determined to shift the RNA structure of the classic PQRETRGLF sequence directly to the HPAI RNA conformation, without the requirement for the REKR mutation and uracil insertion, thereby presenting an alternative pathway. These mutations were not however evident in the quasispecies analysed here, and were therefore not considered the pathway in this particular case.
Discussion
The exact mechanism of conversion of LPAI to HPAI in terrestrial poultry has not been experimentally demonstrated but it is generally accepted that that RNA secondary structure and polymerase slippage are involved in the generation of multi-basic HACSs [11, 20, 22, 35] . Here, the quasispecies at the HACS of HPAI H5-infected ostrich tissues revealed by direct NGS was examined. The first direct evidence for the slippage of the RdRp in the connecting peptide region is provided, but this would benefit from further experimental demonstration. The dominance of critical mutations in the quasispecies led to the theory that the PQREKRGLF motif in H5 viruses is a transient LPAI precursor to HPAI, and is supported by the results of published clinical studies [7] . In silico RNA folding predicted that this transient intermediary plays an important role in subsequent events that relocate the HACS from base-paired RNA regions to a single-stranded bulge, thereby priming the connecting peptide region for RdRp slippage. The RNA secondary structure unique to H5 and H7 that provides steric hindrance to the RdRp during vRNA/ cRNA replication was not identified here. Although it doesn't provide an encompassing model for LPAI to HPAI conversion for H5 and H7 IAV, this study identifies principles that may be common in the conversion of all strains. Most pertinently, this analysis reveals how heavily reliant IAV is on stochastic events to generate HPAI from an LPAI precursor, and reaffirms the conclusions of other studies that IAVs effectively exist less as a population of intact virus than a swarm of complementation-dependent, semi-infectious virions [33] .
The stochasticity of the required steps in the mutation of LPAI to HPAI explains something of the timing of emergence of HPAI in the field: HPAI doesn't emerge immediately after LPAI has been introduced into susceptible poultry or indeed at any defined interval. For example, in the Pennsylvanian H5N2 outbreak in 1983 the virus took six months to become highly virulent in chickens [21] . In Central Mexico in 1995, HPAI appeared following an estimated fifteen months of the circulation of an LPAI precursor [11] , and in the Italian 1999-2000 H7N1 epidemic the LPAI progenitor was detected in turkeys nine months prior to the emergence of the HPAI virus [13] . The H5N2 virus in this study is estimated to have circulated for at least four months in ostrich flocks before the first HPAI strain emerged [13] , and more recently in the USA likely progenitors of H7N8 HPAI turkey outbreak viruses were detected in wild waterfowl only two months prior [15] . How long it takes for HPAI to emerge from LPAI in poultry is therefore a question that cannot be answered with any accuracy.
Yet another unanswered question is why is the ability to mutate the H5 and H7 HACS is restricted to specific terrestrial avian species (e.g. chickens, turkeys and ostriches) since the emergence of HPAI from a LPAI progenitor has never been demonstrated in aquatic birds, especially domesticated ducks that are intensively farmed. Host interactions are vital at every stage of the IAV life cycle and the virus depends on cellular factors to complete its replication cycle [36] . More than three hundred host proteins co-immuno precipitate with IAV [37] and several of these cellular factors associate with the individual components of the RdRp complex to enhance viral RNA replication by various mechanisms. These cellular factors include BAT1, Hsp90, IREF-1/MCM, Tat-SF1, the large subunit of cellular polymerase II, cellular transcription repressor DR1, RNA-binding protein NXP2/MORC3, DnaJA1/Hsp40 and ANP32A [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . The involvement of a species-specific cis-acting viral genomic replication factor in RdRp fidelity and slippage at the HACS is likely yet unexplored. Identifying the host-specific factor/s involved in the generation of HPAI is important, not only for a better understanding of IAV biology but also for screening other species for their biological potential to produce HPAI.
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